Aims/hypothesis Glucagon-like peptide 1 (GLP-1) reduces appetite and energy intake in humans, whereas the other incretin hormone, glucose-dependent insulinotropic polypeptide (GIP), seems to have no effect on eating behaviour. Interestingly, studies in rodents have shown that concomitant activation of GIP and GLP-1 receptors may potentiate the satiety-promoting effect of GLP-1, and a novel dual GLP-1/GIP receptor agonist was recently shown to trigger greater weight losses compared with a GLP-1 receptor agonist in individuals with type 2 diabetes. The aim of this study was to delineate the effects of combined GIP and GLP-1 receptor activation on energy intake, appetite and resting energy expenditure in humans. Methods We examined 17 overweight/obese men in a crossover design with 5 study days. On day 1, a 50 g OGTT was performed; on the following 4 study days, the men received an isoglycaemic i.v. glucose infusion (IIGI) plus saline (154 mmol/l NaCl; placebo), GIP (4 pmol kg −1 min −1 ), GLP-1 (1 pmol kg −1 min −1 ) or GIP+GLP-1 (4 and
Introduction
The gut-derived incretin hormones, glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide 1 (GLP-1), are important regulators of postprandial metabolism and act in concert to promote deposition of nutrients [1] . Infusion studies have established GLP-1 as a potent regulator of appetite and energy intake in humans [2, 3] . Moreover, GLP-1 receptor activation may increase resting energy expenditure (REE) in humans [4, 5] . In contrast, studies with GIP infusions have not revealed any independent effects on appetite, energy intake or REE in humans [6] . Surprisingly, rodent data have shown that GIP and GLP-1 receptor co-activation elicits a synergistic effect with regard to energy intake: potentiating the satiety-promoting and body weight-reducing effects of GLP-1 [7] [8] [9] . The interest in GIP and GLP-1 receptor coactivation emerged when Finan and colleagues showed, in diet-induced obese mice, that co-administration of GIP and GLP-1 receptor agonists decreased body weight and energy intake to a greater extent than that elicited by either agonist alone [7] . Following these results, unimolecular dual GIP/ GLP-1 receptor co-agonists were developed, also showing superior reductions in energy intake and body weight in dietinduced obese mice compared with administration of the GLP-1 receptor agonists exendin-4 and liraglutide, respectively [7] . In line with the results obtained by Finan and colleagues, Gault and colleagues found in ob/ob mice that whereas daily administration of either liraglutide or N-AcGIP(Lys37Myr) alone did not alter body weight or energy intake, the combination (Lira-AcGIP) significantly reduced both body weight and energy intake [8] . In addition, Nørregaard et al showed that coadministration of liraglutide and a novel GIP receptor agonist resulted in significant reductions in energy intake and body weight in diet-induced obese mice compared with liraglutide alone [9] . Only one study has so far evaluated the effects of co-infusion of GIP and GLP-1 on appetite, energy intake and REE in humans and, because of a small sample size and thereby high risk of statistical type 2 error, no firm conclusions could be drawn [10] .
In the present study, we evaluated the effects of separate and combined infusions of GIP and GLP-1 on energy intake, appetite and REE in overweight/obese men.
Methods
Research design, approval and ethics The study was designed as a randomised, double-blind, placebo-controlled, crossover study and was conducted from September 2015 to Experimental procedures, randomisation and blinding The study included 5 study days for each participant. On study day 1, a 50 g OGTT was performed. On the following 4 study days glucose was infused, aiming at copying the plasma glucose excursions from the OGTT (isoglycaemic i.v. glucose infusions [IIGIs]) during simultaneous infusion of GIP, GLP-1, GIP+GLP-1 or saline (154 mmol/l NaCl; placebo). All IIGIs were performed in a randomised order with at least 72 h between each study day. The randomisation order followed a prespecified random-numbers table generated from www. random.org. The randomisation order was blinded for the participants and investigators, and generated independently for each study participant by a third person who was not involved in participant enrolment or data collection.
All participants were instructed to abstain from alcohol and strenuous physical exercise for 48 h prior to the study days to ensure filled glycogen stores. To standardise baseline appetite and macronutrient balance, participants were given a standardised meal for dinner the evening before each study day (552 g pasta Bolognese; energy content per 100 g: 616 kJ; 5.9 g fat, 17 g carbohydrates, 5.6 g protein). After the meal, the participants were asked to remain fasting. On the study day, the participants rested in a supine position with a slight elevation of the head. A cannula was inserted in a cubital vein for infusions, and another cannula was inserted in a contralateral vein for blood sampling. The forearm, from which blood samples were drawn, was wrapped in a heating pad for arterialisation of the venous blood.
At time point 0 min, an OGTT or infusion of 20% glucose (wt/vol. solution; Fresenius Kabi, Uppsala, Sweden) was started, as well as infusion of either placebo (saline), GIP (4 pmol kg
) or GIP+ GLP-1 (4 and 1 pmol kg
, respectively). The infusions were ended when the participants had finished eating from the ad libitum meal (see below).
Incretin infusions Synthetic human GIP(1-42) and GLP-1 were purchased from PolyPeptide Laboratories (Strasbourg, France). The peptides were ≥96% pure. At the pharmacy of the Capital Region of Denmark, Herlev, Denmark, the hormones were dissolved in sterilised water containing 1% human serum albumin and dispensed into vials with enough peptide per vial for 1 study day. The contents of the vials were tested for endotoxins and sterility. The vials were stored at −20°C until use. On the morning of each study day, the infusions were prepared by a third person diluting the peptide solution or 0.9% saline in 0.9% saline (9 mg/ml; Fresenius Kabi) with 0.5% human albumin (5% solution; CSL Behring, Lyngby, Denmark) to a total of 250 ml each.
Energy intake The ad libitum meal was served 240 min after glucose ingestion or the start of the infusion and consisted of pasta Bolognese (same energy content per 100 g as the standardised dinner served the night before), served together with 500 ml of water. Participants were instructed to eat until they felt comfortably full. The food was weighed before and after the meal, and the difference in weight was used to calculate the total energy intake (primary endpoint).
Ratings of REE and RQ REE and RQ were measured by indirect calorimetry using a tight facemask connected to a calorimeter, measuring gas exchange breath by breath (CCM Express, MedGraphics, Medical Graphics Corp, St Paul, MN, USA). Indirect calorimetry was performed for 15 min at baseline (time point −15 to 0 min) and after 210 min of infusion. The calorimeter was calibrated before each measurement.
Appetite ratings Every 30 min throughout the study day, the participants rated their feelings of hunger, satiety, fullness, prospective food consumption, comfort, nausea and thirst on 100 mm visual analogue scales.
Blood samples and analysis For glucose measurements, blood was sampled every 5-15 min into fluoride tubes and centrifuged immediately at 7400 g for 45 s at room temperature. Plasma glucose was measured at the bedside using the glucose oxidase method (Yellow Spring Instrument model 2300 STAT Plus analyser; YSI, Yellow Springs, OH, USA). For the remaining blood analyses, samples were drawn at time −30, 0, 15, 30, 45, 60, 90, 120, 150, 180, 210 and 240 min. For analyses of GIP, GLP-1 and glucagon, blood was collected into chilled tubes containing EDTA and a specific dipeptidyl peptidase 4 inhibitor (valine-pyrrolidide, 0.01 mmol/l final concentration; a gift from Novo Nordisk, Måløv, Denmark). The samples were immediately cooled on ice and centrifuged at approximately 2900 g and 4°C for 15 min. The samples were stored at −20°C until analysis by RIAs, as previously described [11, 12] . For analyses of insulin and C-peptide, blood was collected into tubes containing serum clot activator and was left to coagulate for at least 20 min at room temperature before centrifugation at approximately 2900 g and 4°C. Afterwards, the samples were stored at −80°C until analysis using a two-sided electrochemiluminescence immunoassay (ADVIA Centaur CP, Siemens Healthcare, Ballerup, Denmark).
Statistical analysis and calculations According to our samplesize calculation, 17 participants were needed to detect a difference in energy intake from the ad libitum meal of at least 500 kJ with a power of at least 80%, a two-sided significance level of 5% and a within-subject SD of 734 kJ, based on data from Gregersen et al [13] . To ensure enough power, 18 participants were included and in case of dropouts it was predefined that the participants should be replaced. Unless otherwise stated, data are presented as means ± SEM. p < 0.05 was considered statistically significant. AUC was calculated using the trapezoidal rule. Insulin secretion rates (ISRs) were calculated using the ISEC formula as previously described [14] . Insulin resistance was calculated using HOMA based on fasting plasma glucose and C-peptide values obtained at the screening visit (HOMA2-IR calculator: www.dtu.ox.ac.uk/homacalculator). The combined appetite score was calculated as (hunger + prospective food consumption + [100 -satiety] + [100 -fullness]/4) [14, 15] . For analyses of differences, one-way repeated measures ANOVA (rmANOVA) was performed with Geisser-Greenhouse correction, including the IIGIs. For the REE measurements, we applied a linear mixed model with the intervention as a fixed effect and the individual as a random effect. To correct for multiple comparisons, the Tukey test was applied for both the ANOVAs and the mixed models. Statistical analyses were carried out using GraphPad Prism version 7.02 for Windows (GraphPad Software, San Diego, CA, USA) and SAS version 9.4 for windows (SAS Institute, Cary, NC, USA).
Results
Study participants Twenty participants were included in the study; 18 completed the five interventions, but one participant was excluded from the data analysis because we could not measure a rise in plasma GLP-1 on the day of supposed GLP-1 infusion. The participants were all white men. None had diabetes or prediabetes defined by HbA 1c at the screening visit, none were smokers, and all had stable weight for 3 months prior to inclusion. One participant was undergoing steady treatment with latanoprost eyedrops for glaucoma, which were continued throughout the study. The remaining participants did not take any medication. Detailed participant characteristics are shown in Table 1 .
Incretin hormones At baseline, GIP plasma concentrations were 6.3 ± 0.6 and 7.8 ± 0.7 pmol/l during OGTT and IIGI+ saline (p = 0.061) and <5 pmol/l during IIGI+GIP, IIGI+GLP-1 and IIGI+GIP+GLP-1 infusion (elevated limit of quantification due to dilution of the samples to accommodate high concentrations during infusions). During GIP infusion, plasma GIP reached supraphysiological concentrations with mean steady-state (60-240 min) concentrations of 275 ± 11.9 pmol/l (IIGI+GIP) and 265 ± 10.3 pmol/l (IIGI+GIP+ GLP-1) (IIGI+GIP vs IIGI+GIP+GLP-1, p = 0.257) (Fig. 1a) . Mean baseline GLP-1 levels were 12 ± 0.5, 14 ± 0.7, 10 ± 2.5, 14 ± 0.9 and 14 ± 1.0 pmol/l during OGTT, IIGI+saline, IIGI+GIP, IIGI+GLP-1 and IIGI+GIP+GLP-1, respectively (p = 0.021, all 5 days included, no significant between-day differences according to post hoc multiple (Fig. 1b) . Ratings of appetite, comfort, nausea and thirst At baseline, no significant differences among the interventions were observed for the appetite measures (including hunger, prospective food consumption, satiety, fullness, thirst and a combined appetite score) or for nausea and comfort (Table 2) . At the end of the clamp, just prior to the serving of the ad libitum meal, hunger and prospective food consumption were numerically lower during IIGI+GLP-1 and IIGI+GIP+GLP-1 infusion than during IIGI+GIP and IIGI+saline infusion ( Table 2 , ESM Fig. 1 ). Comfort and nausea were both stable over time, with a mean high level of comfort and a low level of nausea during all interventions (ESM Fig. 1 ).
Plasma glucose and glucose infused
Insulin, C-peptide, ISR and glucagon responses No significant differences in insulin, C-peptide or ISR were present at baseline. All interventions resulted in significantly greater concentrations of insulin and C-peptide and higher ISR compared with IIGI+saline (Fig. 3a-c, Table 3 ). IIGI+GLP-1 and IIGI+GIP+GLP-1 resulted in statistically similar insulin and C-peptide responses and ISR. Glucagon concentrations did not differ between interventions at baseline. During IIGI+ GLP-1 infusion, glucagon was suppressed and remained at or lower than the detection level throughout the intervention. AUC for glucagon during IIGI+GIP+GLP-1 infusion was higher than during IIGI+GLP-1 infusion. During IIGI+saline and IIGI+GIP, glucagon concentrations reciprocally followed the glucose excursion (Fig. 3d, Table 3 ).
Discussion
In a randomised, crossover setting we compared the effects of GIP, GLP-1, GIP+GLP-1 and placebo (saline) on energy intake, appetite and REE during isoglycaemic conditions in overweight/obese individuals. The main findings are that while GLP-1 infusion lowered energy intake significantly, co-infusion of GIP+GLP-1 did not lower energy intake more than GLP-1 infusion alone.
The present study is a human proof-of-concept study based on promising rodent studies showing synergistic energy intake and body weight-lowering effects from co-activation of the GIP and GLP-1 receptors, compared with GLP-1 alone [7] [8] [9] . The clinical data from the present study contrast these rodent findings. In fact, we observed that GIP seemed to repeal some of the energy intake-lowering effect of GLP-1. Regarding REE, we found no differences between the interventions that could explain the weight loss observed in rodents. This is in agreement with a study in mice, where energy expenditure, RQ and locomotor activity were similar among vehicle, liraglutide and GIP/GLP-1 receptor co-agonist administration [7] .
To date, only one previous study has evaluated the effects of GIP and GLP-1 co-infusion on energy intake and appetite in humans. Daousi and colleagues infused GIP (2 pmol kg
GLP-1 (2 and 1 pmol kg
, respectively) or placebo (dextrose) for 4 h in six healthy individuals, and found that GIP infusion resulted in greater hunger, desire to eat and prospective food consumption compared with placebo [10] . Furthermore, in six individuals with type 2 diabetes, GIP+ GLP-1 co-infusion resulted in a stronger desire to eat compared with placebo [10] . No effect on appetite was found during GLP-1 infusion in either group. Further, no differences were found in energy intake from an ad libitum meal among any of the study days in either group [10] , which is in contrast to the majority of studies reporting energy intake and appetitelowering effects of GLP-1 [1, 2, 16] .
Based on the results from the study of Daousi and colleagues, we designed the present study and tried to refine the methods. First, we chose an OGTT/IIGI design to avoid appetite being influenced by differences in plasma glucose concentrations from the insulinotropic abilities of GIP and GLP-1 [17] . We could have clamped the glucose concentration at a fixed glucose concentration, but chose the OGTT/IIGI design as we found it more physiologically relevant. However, as the main purpose of the OGTT was to have a template for the glucose excursions, OGTT results were not included in the data analyses. To decrease the risk of a type 2 statistical error we included more participants than in the study of Daousi and colleagues, who enrolled six healthy individuals and six with diet-controlled type 2 diabetes, compared with the 17 overweight/obese individuals in the present study. We chose to include overweight/obese participants as we wanted to use a group of individuals for whom an appetite-lowering effect would be beneficial. Furthermore, compared with the study ) to ensure that the concentration of GIP was sufficiently supraphysiological. Finally, we continued the hormonal infusions until the end of the ad libitum meal, as the half-life of GIP and GLP-1 are only approximately 4 and 2 min, respectively [18, 19] . The differences in design between the two studies might explain why we, in contrast to Daousi et al, were able to reproduce the well-known energy intake-reducing effect of GLP-1 [20] .
We observed less glucagon suppression during GIP+GLP-1 infusion than during GLP-1 infusion. This is in line with previous results obtained in individuals with type 2 diabetes co-administered GIP and GLP-1 also in supraphysiological doses [21] .
After the promising results in animal models, a dual GIP/ GLP-1 receptor co-agonist has been tested in phase 1b [22] and phase 2a trials [23] in individuals with type 2 diabetes, among other measures evaluating changes in plasma glucose and body weight. The phase 1b trial found numerical but not statistically significantly greater improvements in blood glucose and body weight in the dual agonist arm compared with the placebo arm [22] . The phase 2a trial compared the dual GIP/GLP-1 receptor agonist with placebo, and found that participants randomised to the dual agonist achieved significant body weight reductions compared with the dual GIP/GLP-1 receptor agonist (although not directly comparable) [23] .
Recently, treatment with a new dual GIP/GLP-1 receptor agonist was reported to result in significant reductions in body weight compared with dulaglutide in individuals with type 2 diabetes [24] . However, it remains a challenge to evaluate the contribution of GIP receptor engagement in the dual GIP/ GLP-1 compounds in humans [25] , which seems highly relevant, particularly in the light of the present findings. The reasons for the observed discrepancies between rodent and human findings regarding reduction in energy intake and body weight need further elucidation. It should be noted that the effect of GIP alone on energy intake and body weight remains equivocal in rodents, and that the pro-vs antiobesity effects of GIP in rodents are still being discussed [26] [27] [28] [29] [30] . However, there are significant differences between the rodent and human GIP systems, which could be responsible for the apparent differences between species [31] . This includes differences in the GIP receptor, which is only 81% conserved between humans and rodents, as well as differences in potency and efficacy of GIP between humans and rodents [31] . Hence, human GIP has been reported to be significantly less potent at the human GIP receptor compared with mouse and rat GIP ligands at their respective GIP receptors, suggesting that the human GIP system is less active than the rodent system [31] .
The double-blinded crossover design is an important strength of the present study as, typically, there are large inter-individual differences in energy intake and assessment of appetite. Further, the infused doses of GIP and GLP-1 were based on previous studies examining responses to physiological and supraphysiological doses of the two hormones [6, [32] [33] [34] , and resulted in clear supraphysiological steady-state concentrations of both GIP and GLP-1 compared with the OGTT. Hence, the use of an inappropriately low dose of GIP does not explain the lack of effect. Nonetheless, in healthy individuals, GIP and GLP-1 have previously been shown to induce an additive insulinotropic effect that we did not observe in the present study [35] . Thus, the very robust insulin response to the GLP-1 infusion obtained in the present study may have somewhat masked the effect of GIP during the GIP+GLP-1 co-infusion. If we had used a smaller dose of GLP-1 then the insulinotropic effect of GIP would perhaps have been more evident. Furthermore, the participants included were all overweight or obese. As obese individuals with normal glucose tolerance exhibit a significantly reduced incretin effect compared with lean individuals [36] , and as the insulinotropic response to GIP might be impaired in obesity [37] , it could be hypothesised that GIP sensitivity in this group of overweight/obese individuals was diminished. Thus, although the findings of Daousi and colleagues in lean individuals are in line with the present findings regarding energy intake [10] , we cannot be certain if lean individuals would have a different response to GIP infusion than that observed in the present study.
Because GIP and GLP-1 possess different insulinotropic potencies, insulin concentrations differed among the study days. This impacted the amount of glucose needed to be infused to obtain isoglycaemia, causing differences in intracellular glucose availability among the interventions. Whether such differences influenced our results is uncertain. Importantly, the insulin concentrations, as well as the amount of glucose infused during IIGI+GLP-1 and IIGI+GIP+GLP-1, did not vary. Hence, differences in plasma concentrations of glucose and insulin, respectively, are unlikely to explain the reduced food intake observed during IIGI+GLP-1 infusion compared with IIGI+GIP+GLP-1 infusion.
Finally, we used a relatively short study period with 4 h of intervention, and we cannot rule out the possibility that the effect of GIP and GLP-1 co-receptor activation on energy intake/appetite/REE and ultimately body weight may surface with a longer period of administration.
In conclusion, the present study confirms the energy intake-reducing effect of GLP-1 administration alone, but this was not further enhanced by co-administration of GIP in the supraphysiological dose applied. None of GIP, GLP-1 or GIP+GLP-1 administration changed REE.
